The room temperature fluorescence induction of chloroplasts was utilized as a probe to locate the site of inhibition on PSII by copper. It was found that, while the initial fluorescence yield was hardly affected, the variable fluorescence yield was lowered without significant change in its kinetics. Addition of DCMU, or abolishing oxygen evolution capability by Tris treatment, did not alter this basic inhibition pattern. Copper was also found to lower the fluorescence yield of chloroplasts treated with linolenic acid which inhibited the secondary electron transport on both oxidizing and reducing sides of PSII. The data indicate that copper adversely affects the primary charge separation at the PSII reaction center. We suggest that the inhibition is due to creation of a lesion close to the reaction center, leading to increased dissipation of incoming excitation energy to heat.
Copper is known to be an essential micronutrient in both algae and higher plants (18, 19) . Its involvement in photosynthesis has been demonstrated with copper chelators (2) or copper-deficiency experiments (5, 6) . In these studies, besides the depletion of plastocyanin, the copper-containing protein of chloroplasts, PSII also was a site affected by copper removal. In addition, a relative high proportion of copper has been found in PSII particles isolated from chloroplasts (10, 13) .
Nevertheless, copper concentrations above 1 /uM are increasingly toxic to photosynthesis in algal cells and isolated chloroplasts (11, 12) . The mechanism of copper inhibition is not yet clear and the sites of its action are only partially elucidated. Studies on PSI found that the Mehler reaction was inhibited by copper (4, 15) . Shioi et al. (15) suggested that it was due to the direct interaction of copper with ferredoxin on the reducing side of PSI. Studies on PSII showed that the Hill reaction was also sensitive to copper (4, (15) (16) (17) . Some reports indicated that the inhibited DCIP2 photoreduction rate could not be restored by adding artificial donors like DPC (4, 16) , suggesting that the inhibition was between the electron donating site of DPC and the PSII reaction center. However, a recent study by Singh and Singh (17) on the iaction of heavy metals on the Hill activity suggested that copper inhibition was located beyond the DCMUsensitive site and at the level of Cyt.
In the present report, a different approach was employed with 1 Supported by grant from National Science Council, Republic of China (NSC 76-0201-B007-04).
2Abbreviations: DCIP, 2,6-dichlorophenolindophenol; DPC, diphenylcarbazide; DBMIB, 2,5-dibromo-3-methyl-6-isopropyl-p-benzoquinone; Fi, initial fluorescence yield; Fv, variable fluorescence yield; P-680, reaction center of PSII; Q, primary quinone acceptor of PSII; Pheo, pheophytin; Z, primary quinone donor of PSII. the purpose of resolving the site of action of copper on PSII. Since, at room temperature, almost all fluorescence originates from PSII, and its induction kinetics reflect the redox states of the quinones on the reducing side of PSII (7), it can be a sensitive probe to monitor the changes occurring around PSII. Here, by means of fluorescence measurements, we located the site of copper inhibition close to the reaction center of PSII, resulting in inactivation of the primary charge separation. We suggest that the inhibition can be attributed to a lesion created by copper, which increases the probability of degradation of incoming excitation energy to heat.
MATERIALS AND METHODS
Chloroplast Isolation. Chloroplasts were prepared from local market spinach (Spinacia oleracea L.). Deveined leaves were ground for 20 s with a blender in a medium containing 0.4 M sucrose, 10 mM NaCl, 5 mM MgCl2, 0.5 mm EDTA, and 30 mM Hepes-NaOH (pH 7.5). The slurry was filtered through eight layers of cheesecloth followed by centrifugation at 15,000g for 2 min. The pellet was resuspended in the grinding medium and recentrifuged at 5,000g for 5 min to collect chloroplasts. The isolated chloroplasts were washed and resuspended in a medium containing 10 mM NaCl, 5 mM MgCl2, and 30 mm Hepes-NaOH (pH 7.5) (buffer A). Chl concentration was determined according to Arnon (1) . All represents strictly PSII activity. As shown in Figure 1 , 50% inhibition occurs at about 10,UM CuC12, in agreement with the previous findings (4, 16) . However, about 25% of the oxygen evolution activity appears to be resistant to the inhibition by copper.
The effects of copper on the fluorescence induction of PSII is shown in Figure 2a . The initial fluorescence (Fi), which is believed to originate directly from the light-harvesting pigment bed, is hardly affected. The variable part of fluorescence (Fv), however, is lowered by copper, although the rise kinetics are less sensitive. A simultaneous decline in oxygen evolution rate (Fig.  1 ) and fluorescence yield (Fig. 2) suggests an increased dissipation of incoming excitation energy via some other pathways (3). The absence of significant change in Fi indicates that the excitation energy transfers in the light-harvesting antennae assemblies and to the reaction center of PSII are not seriously affected. Likewise, the relative insensitivity of the rise kinetics of Fv suggests that the inhibition is of the none-or-all type, i.e. it completely blocks the activity of a fraction of the PSII population without affecting the remaining population. Moreover, the inhibition is unlikely to be on the reducing side of P-680, because it will result in an increase in the fluorescence rise kinetics (7) .
The inhibition was also shown to be reversible. After exposing chloroplasts to 50 ,LM CuC12, the subsequent removal of copper by washing chloroplasts (by centrifugation) resulted in the res- toration of the PSII activity. Both the oxygen evolution activity and the fluorescence induction, as shown in Figures 1 and 2a , respectively, were not distinguishable from those of control chloroplasts.
To further locate the site of inhibition, the same fluorescence induction measurement was done in the presence of 10 gM DCMU, which stopped the electron transfer beyond Q, the primary quinone acceptor of PSII. As shown in Figure 2b , we again observed the lowering of Fv without significant change in the rise kinetics, nor in Fi. Additional measurement was also performed on Tristreated chloroplasts, whose oxygen evolution capability had been abolished (21) . With 5 mM NH2OH as the electron donor (and 10 FM DCMU), we found that the same basic inhibition pattern again took place (Fig. 2c) . The results suggest that the inhibition is located after the electron donating site of NH2OH, but before the action site of DCMU. It points to a site close to the reaction center.
A close look at Figure 2 , however, reveals that the lowering of Fv is more pronounced in the absence of DCMU, e.g. 50 ,UM copper decreases Fv by about 74% in the absence of DCMU (Fig. 2a) and by only 31% in the presence of DCMU (Fig. 2b) . This is consistent with the result of Shioi et al. (16) , who found that the fluorescence yield decreased by copper was partially restored by the addition of DCMU. This phenomenon was taken by them as an indication that the site of copper inhibition was located on the donor side of PSII. Alternatively, the presence of DCMU could hinder the action of copper.
It has been proposed by Klimov et al. (14) that Fv arises from the charge recombination in the PSII reaction center, namely the annihilation of the P-680+ and Pheo-radical pair. Pheo is an intermediate electron acceptor before Q. This hypothesis predicts that a high fluorescence state will arise whenever the electron transfer between Pheo and Q is stopped either by an inhibitor or the reduction of Q. Indeed, with the presence of a strong reductant sodium dithionite, a high Fi accompanying an absence of Fv was observed (20) . Recent studies by Warden and his colleagues (9, 20) have shown that the unsaturated fatty acid, linolenic acid, affects two inhibition sites in PSII: one located between Pheo and Q on the reducing side and the other associated with the donor complex Z to P-680 on the oxidizing side of PSII. Although the secondary electron transfers on both sides of the reaction center are affected, the primary photochemistry has been shown to be still functional. Thus, treating chloroplasts with linolenic acid will give rise to an artificially induced high fluorescence 'tate Z 1 1 P-680+ * Pheo-1 1 Q, where 1 1 represents the inhibition sites (9) . This is shown in Figure 2d , where a high Fi reflects the functional primary charge separation and recombination in the PSII reaction centers. The lowering of Fi by the addition of copper then strongly suggests an inhibition of this primary photochemistry. It is worth noting that the extent of the fluorescence decline in Figure 2d is similar to that of Figure 2a , suggesting that copper mainly affects the primary reaction. It thus reinforces our previous explanation for the lowering of the sensitivity to copper, as shown in Figure 2 The specificity of this inhibition was also studied. Among divalent cations tested including cobalt, zinc, cadmium, silver, manganese, and mercury, only mercury inhibited the activity of H20--DCIP to a similar extent as copper (about 50% at 10 ,ULM). Nevertheless, the fluorescence induction measurements on chloroplasts in the absence (Fig. 3a) and in the presence (Fig.  3b) of DCMU showed that the mode of mercury inhibition was different from that of copper. Furthermore, the fluorescence measurement on chloroplasts treated with linolenic acid (Fig. 3c) revealed that mercury did not significantly inhibit the primary photochemistry of PSII, clearly indicating that the site of mercury inhibition in PSII was different from that of copper.
In conclusion, from the measurement of fluorescence, we found that copper did not seriously affect the excitation energy transfers among light-harvesting complexes and to the PSII reaction center (from unchanged Fi level, see Fig. 2 ), but it inhibited the primary charge separation at the PSII reaction center. Since the effect of copper on PSI is also inhibitory (15) , there is no indication that copper will induce a significant increase in spillover of excitation energy. Additionally, there is a simultaneous decline of the oxygen evolution rate and the fluorescence yield of PSII. We therefore suggest that copper actually creates a lesion close to the PSII reaction center, which increases the probablity of dissipating incoming excitation energy to heat, and thus inactivates the primary reaction. This action appears to be reversible and specific to copper.
The results are consistent with several previous reports on copper inhibition (4, 16) . They found that the activity of H20 -* DCIP was inhibited by copper, and artificial donors such as DPC failed to restore it, suggesting an inhibition close to the reaction center of PSII. However, our observation is different from that of Singh and Singh (17) , who have studied the effect of copper on the Hill activity in Anacystis nidulans and have suggested a site of copper action at the level of Cyt f.
The mechanism of the lesion created by copper is not yet clear. An electron paramagnetic resonance study demonstrated that copper inhibition closely paralleled with the formation of the copper protein compound in the membrane (8) , suggesting a direct interaction of copper with the protein complex(es) of electron transport system. Our work shows that copper mainly affects the primary reaction of PSII, implying the existence of a polypeptide(s), which is capable of interacting with copper, in the reaction center of PSII.
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